Surface elastic properties of sol-gel derived porous nanosilica optical coatings were determined using scanning force microscopy. Silica nanocoatings prepared under acid and base catalyzed sol-gel process exhibited varying surface morphology, particle size and porosity. Force-distance spectroscopy measurements were conducted on these coatings using scanning force microscopy, and their elastic moduli were obtained by applying Hertz model. The elastic modulus of the coatings varied from 2.4 to 13.4 GPa depending on the nature and concentration of the catalyst used. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2799249͔
Surface elastic properties of sol-gel derived porous nanosilica optical coatings were determined using scanning force microscopy. Silica nanocoatings prepared under acid and base catalyzed sol-gel process exhibited varying surface morphology, particle size and porosity. Force-distance spectroscopy measurements were conducted on these coatings using scanning force microscopy, and their elastic moduli were obtained by applying Hertz model. The elastic modulus of the coatings varied from 2.4 to 13. Influence of porosity in mechanical properties such as elastic modulus and Poisson's ratio has been a subject of interest of many researchers as the elastic modulus decreases with an increase in porosity 1 and a decrease in density. 2 Earlier, we have reported porous silica coatings for antireflective coatings with 99% and above transmittance on boron silicate glass substrate. 3 We found that the refractive index of these coatings can be tuned by varying the particle size and porosity. However, an increase in particle size and porosity can affect the bonding between the particles and modify the mechanical strength. 4 Hence, it is necessary to understand the influence of porosity and particle size on the mechanical properties of these films.
Mechanical response of the surfaces to forces at nanoscale and nanometer penetration depth levels has been possible with scanning force microscope ͑SFM͒, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] where the applied load can be controlled in nano-to piconewtons by changing the tip curvature radius and cantilever stiffness. 7 Herein, we report the surface elastic modulus obtained as a function of microstructure and porosity by force-distance spectroscopy on porous silica coatings prepared by acid and base catalyzed sol-gel process.
The details of silica sol-gel synthesis and coating preparation are reported elsewhere. 3 Using the acid catalysis, less porous and highly dense coatings can be achieved while the use of base catalyst results in highly porous and less dense silica coatings. In our experiments, depending on the nature of the catalyst ͑acid or base͒, the samples were coded as A or B. It is to be noted that only one molar ratio of acid catalyzed silica sample was chosen tetraethyl orthosilicate ͑TEOS͒ to HNO 3 molar ratio of 1:0.025͒, while two different molar ratios of base catalyzed silica samples ͑TEOS to NH 4 OH molar ratio of 1:1 and 1:3͒ were used for the experiment, as the variation in molar ratio of acid catalyst did not result in marked variation on surface morphology and mechanical properties among other acid catalyzed samples. The coatings were deposited on boron silicate glass by dip coating. Figure 1 shows the force-distance ͑F-d͒ curves acquired on a relatively smooth area ͓selected based on atomic force microscopy ͑AFM͒ image͔ of the individual coating samples as well as on the glass substrate at a load of 2.0 N using scanning force microscopy ͑Solver EC, NT-MDT, Russia͒. Acquisition of the force curve at several points was conducted for better uniformity and repeatability. All measurements were made with a silicon cantilever having a tip size of 20 nm in diameter. These curves are then compared with the curve on the blank glass substrate. Since the silicon tip could not penetrate the hard glass substrate ͑AFM images shows no sign of indentation on glass substrate͒, the z axis movement of the piezostage ͑linear solid curve, G in nanonewton͒ using the relation F = kD / S, where k is the spring constant ͑in nN/nm͒ determined using the method of Sader et al. 15 and S is the sensitivity ͑in nA/nm͒ obtained from the slope of the F-d curve on the glass substrate. Base catalyzed silica coatings showed lower resistance to indentation as indicated by the decrease in the slope of the F-d curves, and hence exhibits lower mechanical strength ͑higher depth of indentation͒ in comparison to the acid catalyzed silica coating. It is now possible to calculate the tip indentation ⌬z into the soft sample as the difference in the respective piezoheight and z positions relative to the blank glass reference. The elastic deformation has been defined through Hertz equation [9] [10] [11] [12] [13] [14] for a parabolic indenter ͑parabolic indenter is the most reasonable approximation for an SFM tip͒, as F = ͑4/3͒E r R 1/2 ␦ 3/2 , where E r is the reduced elastic modulus ͑also called as effective elasticity͒, R is the radius of the indenter, and ␦ is the indentation depth. The elastic modulus of the sample E s can be obtained from the sample tip interaction and is given by, 1 / E r = ͑1− t 2 ͒ / E t + ͑1− s 2 ͒ / E s , where is the Poisson's ratio, and E t and E s is the elastic modulus of the tip and sample, respectively. The elastic modulus and the Poison ratio of silicon tip were taken from the literature ͑E t = 130 GPa and t = 0.27͒. 16 Poisson's ratio of 0.22 was assumed for silica film and it was reported to be not affected by the variation in film density. 17 Hertzian model can be applied only when E t Ͼ E s . 11 The model is valid only for elastic deformation and assumes no significant adhesion between the tip and the sample. 18 It is important to avoid any contribution from inelastic deformation and tip-sample adhesion during the analysis of the load displacement curve. The adhesion between contacting bodies becomes more significant at nanoscale. 19 We have observed adhesion between the tip and silica coatings during unloading. Also in the case of base catalyzed silica films, cracking and pileup of material were observed during indentation due to plastic deformation. Hence, only the initial elastic deformation region of the loading curve was analyzed for elastic modulus determination.
Nanoindentation curves obtained on base and acid catalyzed silica coatings are shown in Fig. 2 . The effective elastic modulus of the coatings can be obtained from the indentation curve through power law regression analysis using the following equation, ␦ = aF b , where ␦ is the indentation depth, and a and b are the fitting parameters. The value of power b is fixed as 2 / 3 by applying the Hertz model, and the value of coefficient a can be obtained by power law regression fitting ͑values of coefficient a are listed in Table I͒ . From the parabolic tip model, the reduced elastic modulus E r can be calculated as E r =3/͑4a 3/2 R 1/2 ͒, where R is the tip radius. The elastic modulus calculated for acid and base catalyzed coatings are listed in Table I . Among all the coatings, acid catalyzed silica coatings showed the highest elastic modulus ͑13.4 GPa͒ and is close to the earlier reported values for sol-gel silica coating. 20, 21 This higher value of elastic modulus compared to base catalyzed silica is due to the low porous nature ͑5%͒ and higher density ͑2.18 g / cc͒ of the coatings. Unlike polycrystalline materials whose mechanical properties largely depends on the nature of grain boundaries, mechanical properties of glassy materials such as silica depend more on composition and structure of the bonding network. 22 Elastic modulus value calculated for base catalyzed silica coating B1 is 1.63 GPa, and is close to the reported values for porous silica. 22 The lower value of elastic modulus is due to the presence of large number of pores in the film as the B1 silica film is approximately 49% porous in nature and the density is very low ͑1.17 g / cc͒. Due to their high porous nature, porous silica coatings often exhibit very low density 23 and their elastic modulus can be even 10 2 -10 4 smaller than that of silica glass. 24 Coatings obtained from porous silica sol-gel contain roughness in the form of asperities. Presence of these asperities will increase the surface area over which the tip and the sample make the effective contact. This leads to a reduced contact pressure for a given load and results in a lower value of elastic modulus. 10 In order to determine the significance of surface roughness on elastic modulus determination, a nondimensional parameter ␣ has to be considered.
, where s is the rms roughness obtained experimentally and a 0 is the contact radius for smooth surfaces under the load F. The Hertz theory for smooth surfaces is valid only if the parameter ␣ is less than 0.05. 25 The value of ␣ calculated for acid catalyzed silica coating with a low surface roughness of 0.3 nm is less than 0.05 which is within the error limit. is given by = ͑8/3͒ s s ͑2R / s ͒ 1/2 , where s is the asperity density and s is the mean curvature of the summits of asperities. Greenwood and Tripp obtained two values of , which is bracketed by a wide range of practical rough surfaces. Using these two parameters, ␣ and , the correction required for elastic modulus is determined. The ratio of effective contact radius ͑experimental͒, a * to the Hertz radius ͑theoretical͒, a 0 are influenced by the surface roughness, as shown in Fig. 3 . Since E is proportional to 1 / a 3 , the elastic modulus value after the roughness correction for base catalyzed silica coating B1 is approximately 2.38 GPa. In the case of base catalyzed silica coating B2, the coating was mainly formed by individual silica agglomerates ͑clusters͒ of size closer to 100 nm ͑AFM image of B2 in Fig. 1͒ and contained larger size pores. However, B2 silica coatings were less porous ͑approximately 36%͒ than that of B1 silica coatings. Due to the larger size of silica agglomerates compared to SFM tip diameter, the indentation experiments conducted on these agglomerates particles only represents the mechanical properties of the skeletal silica agglomerates and not that of the porous silica coating. The elastic modulus of individual silica agglomerates obtained after the roughness correction is approximately 5.02 GPa. The amplitude contrast AFM images of B2 silica coatings ͑inset of Fig. 3͒ showed that these silica clusters are agglomerates of smaller size ͑di-ameter of approximately 20 nm͒ particles with a local cluster surface roughness of 3.0 nm. The bonding strength between these individual particles determines the mechanical properties of these bigger agglomerates. The reason for lower value of elastic modulus of these silica agglomerates is mainly due to the weaker bonding between the individual amorphous particles.
Porous silica optical coatings obtained by acid and base catalyzed synthesis showed variation in elastic modulus depending on the microstructure and nature of the coatings. From SFM indentation curves, using the Hertz model, we have obtained the elastic modulus of thin film silica optical coatings. Acid catalyzed silica coatings were denser in nature and exhibited higher elastic modulus than base catalyzed silica samples. Among the two base catalyzed silica coatings, the particle size, microstructure and porosity greatly influenced the individual elastic modulus values.
